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BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates to devices with nanoclusters. 
Description of the Related Art 

[0002] Some devices such as memories (e.g. non volatile memories) utilize discrete 
charge storage elements called nanoclusters (e.g. of silicon, aluminum, gold, or germanium) 
for storing charge in a charge storage location of a transistor. In some examples, the 
nanoclusters are located between two dielectric layers, a bottom dielectric and a control 
dielectric. Examples of such transistors include thin film storage transistors. A memory 
typically includes an array of such transistors. Examples of nanocluster types includes silicon 
nanocrystals, germanium nanocrystals, gold nanoclusters, and aluminum nanoclusters. In 
some examples, nanoclusters are from 10-100 Angstroms in sized and may be of doped or 
undoped semiconductor material or made of conductive materials. 

[0003] Some memories that have charge storage transistors with nanoclusters are 
implemented on integrated circuits that also include high voltage transistors in the circuitry 
used for charging and discharging the charge storage locations of the charge storage 
transistors. Charging or discharging the charge storage locations is used to store one or more 
bits of information, and may be referred to as programming or erasing. These high voltage 
transistors typically include a relatively thick gate oxide. This gate oxide may be grown by a 
steam oxidation process. This steam oxidation process may penetrate the control dielectric of 
the charge storage transistors thereby undesirably oxidizing the nanocrystals and undesirably 
increasing the bottom dielectric thickness. 

[0004] What is needed is an improved method for making a device with nanoclusters. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] The present invention may be better understood, and its numerous objects, 
features, and advantages made apparent to those skilled in the art by referencing the 
accompanying drawings. 

[0006] Figure 1 is a partial side view of a semiconductor wafer during a stage in the 
manufacture of an integrated circuit according to a first embodiment of the present invention. 

[0007] Figure 2 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the first embodiment of the present 
invention. 

[0008] Figure 3 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the first embodiment of the present 
invention. 

[0009] Figure 4 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the first embodiment of the present 
invention. 

[0010] Figure 5 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the first embodiment of the present 
invention. 

[0011] Figure 6 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the first embodiment of the present 
invention. 

[0012] Figure 7 is a partial side view of a semiconductor wafer during a stage in the 
manufacture of an integrated circuit according to a second embodiment the present invention. 

[0013] Figure 8 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the second embodiment of the present 
invention. 
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[0014] Figure 9 is a partial side view of a semiconductor wafer during another stage in the 
manufacture of an integrated circuit according to the second embodiment of the present 
invention. 

[0015] Figure 10 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the second embodiment of the present 
invention. 

[0016] Figure 1 1 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the second embodiment of the present 
invention. 

[0017] Figure 12 is a partial side view of a semiconductor wafer during a stage in the 
manufacture of an integrated circuit according to a third embodiment of the present invention. 

[0018] Figure 13 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the third embodiment of the present 
invention. 

[0019] Figure 14 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the third embodiment of the present 
invention. 

[0020] Figure 15 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the third embodiment of the present 
invention. 

[0021] Figure 16 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the third embodiment of the present 
invention. 

[0022] Figure 17 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the third embodiment of the present 
invention. 
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[0023] Figure 18 is a partial side view of a semiconductor wafer during another stage in 
the manufacture of an integrated circuit according to the third embodiment of the present 
invention. 

[0024] Figure 19 is a partial side view of a semiconductor wafer according to the present 
invention according to the present invention. 

[0025] The use of the same reference symbols in different drawings indicates identical 
items unless otherwise noted. The views shown in the Figures are not necessarily drawn to 
scale. 

DETAILED DESCRIPTION 

[0026] The following sets forth a detailed description of a mode for carrying out the 
invention. The description is intended to be illustrative of the invention and should not be 
taken to be limiting. 

[0027] Figures 1-6 show partial side views of a semiconductor wafer during stages in the 
manufacture of a memory including nanoclusters according to a first embodiment of the 
present invention. As will be described later, the method includes utilizing an oxidation 
barrier layer for inhibiting the oxidation of the nanoclusters and bottom dielectric. 

[0028] Referring to Figure 1, wafer 101 includes a semiconductor substrate 103. A 
bottom dielectric 105 (e.g. of silicon dioxide, silicon oxynitride, hafnium oxide, aluminum 
oxide, lanthanum oxide, or lanthanum silicate) has been formed over substrate 103 e.g. by 
oxidation or chemical vapor deposition. In one embodiment, bottom dielectric has thickness 
of 5 nanometers, but may be of other thicknesses in other embodiments. A layer of 
nanoclusters 107 (e.g. of silicon, aluminum, gold, germanium, or a silicon and germanium 
alloy or other types of conductive material or doped or undoped semiconductive material) is 
formed over bottom dielectric 105 by e.g. chemical vapor deposition techniques, aerosol 
deposition techniques, spin on coating techniques, or self assembly techniques such e.g. 
annealing a thin film to form nanoclusters. In one embodiment, the nanoclusters 107 are 
silicon nanocrystals. In one embodiment where the nanoclusters are utilized in a non volatile 
memory, the nanoclusters have a planar density of 1 X 10 A 12 cm A 2 with a size of 5 to 7 
nanometers. In some embodiments, nanoclusters are from 10-100 Angstroms in size. 
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However the nanoclusters in other embodiments may be of other sizes and/or other densities. 
Nanoclusters 107 will be utilized for implementing charge storage locations in transistors (not 
shown) of a memory fabricated on wafer 101. 

[0029] Referring to Figure 2, a layer of dielectric material (e.g. silicon dioxide, silicon 
oxynitride, hafnium oxide, aluminum oxide, lanthanum oxide, and lanthanum silicate) is 
formed over wafer 101 by e.g. chemical vapor deposition to form a control dielectric 209. In 
one embodiment, control dielectric 209 has a thickness of 5-10 nanometers, but may be of 
other thicknesses in other embodiments. 

[0030] In some embodiments, the bottom dielectric 105, nanoclusters 107, and control 
dielectric 209 may be formed by ion implantation (e.g. silicon or germanium) into a layer of 
dielectric material (not shown) followed by the annealing of the ions to form nanocrystals in 
the layer of dielectric material. In other embodiments, bottom dielectric 105, nanoclusters 
107 and control dielectric 209 may be formed by recrystallization of a silicon rich oxide layer 
between two layers of dielectric material to form the nanoclusters. In other embodiments, the 
nanoclusters may be implemented in multiple layers located above the bottom dielectric. In 
other embodiments, the nanoclusters are formed by depositing a thin amorphous layer of 
nanocluster material (e.g. 1-5 nanometers) wherein the resultant structure is annealed is a 
subsequent annealing processor. 

[0031] In other embodiments, a thin (e.g. 0.5 nanometers) passivation layer (not shown) 
made of e.g. nitrided silicon oxide may be located on the nanoclusters, wherein control 
dielectric 209 is formed over the passivation layer. 

[0032] Referring to Figure 3, an oxidation barrier layer 31 1 is deposited over wafer 101. 
In one embodiment, layer 31 1 is made of silicon nitride. In other embodiments barrier layer 
311 may include any material or combinations thereof that retard the diffusion of the 
oxidizing agent to the control dielectric surface. Such materials may include silicon nitride, 
silicon oxynitride, silicon, silicon germanium alloys, high K dielectrics e.g. hafnium oxide, 
lanthanum oxide, lanthanum aluminate, tantalum pentoxide, zirconium silicate, lanthanum 
silicate, aluminum oxide, zirconium oxide, zirconium silicate, tantalum oxide, and titanium 
oxide and metals that are generally impervious to the passing of an oxidizing agent. 
Examples of such metals include tantalum, tungsten silicide, molybdenum silicide, nickel, 
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nickel silicide, cobalt, cobalt silicide, iridium, iridium oxide, ruthenium, ruthenium oxide, and 
titanium. 

[0033] In one embodiment, barrier layer 311 is 9 nanometers thick. In other 
embodiments, layer 3 1 1 may be of other thickness. In some embodiments, layer 3 1 1 may 
have a thickness of 2 nanometers of greater. In one embodiment, barrier layer 3 1 1 is thick 
enough to be continuous with no "pin hole" defects for oxygen to penetrate beneath barrier 
layer 311. In other embodiments, barrier layer 311 is of a material able to withstand 
temperatures of a furnace oxidation process (e.g. 600°C and greater). 

[0034] Referring to Figure 4, layer 31 1, control dielectric 209, nanoclusters 107, and 
bottom dielectric 105 are patterned to leave those structures in the memory array areas (e.g. 
403) of wafer 101 and to remove those structure from other areas (e.g. high voltage area 405) 
of wafer 101. In one embodiment, layer 31 1 is removed by a dry etch, and control dielectric 
209, nanoclusters 107, and bottom dielectric 105 are removed by wet etch. In another 
embodiment, a combination of wet and dry etches may be used. Multiple transistors may be 
formed in memory area 403 during later processes. 

[0035] Referring to Figure 5, a high voltage dielectric 515 is grown on substrate 103 in 
high voltage areas 407 and 405. Dielectric 515 will be utilized as a gate dielectric for high 
voltage transistors (not shown) that, in some embodiments, are utilized to implement 
programming and erase circuitry for charging and discharging the charge storing transistors to 
be formed in memory area 403. In one embodiment, dielectric 5 15 is grown by exposing 
wafer 101 to high temperature steam and oxygen or nitrous oxide to oxidize the exposed 
semiconductor material of substrate 103 in areas 407 and 405. In one embodiment, dielectric 
515 has a thickness of between 7-14 nanometers, but may have other thicknesses in other 
embodiments. In other embodiments, dielectric 515 may be formed by a blanket deposition 
over wafer 101 followed by the removal of the dielectric over area 403. 

[0036] During the formation of dielectric 515, barrier layer 311 inhibits oxidizing agents 
from penetrating into control dielectric 209, nanoclusters 107, and bottom dielectric 105. 
Providing a method that includes a barrier layer over nanoclusters to inhibit oxidizing agents 
from penetrating to the nanoclusters, control dielectric, and bottom dielectric may provide for 
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a method that minimizes the oxidation of the nanoclusters and/or thickening of the bottom 
dielectric during oxidation forming processes. 

[0037] Referring to Figure 6, after the growth of high voltage dielectric 515, barrier layer 
31 1 is removed. In one embodiment, barrier layer 31 1 is removed by a selective wet etch. In 
other embodiments, the wafer is patterned to expose barrier layer 3 1 1 and protect dielectric 
515. After layer 3 1 1 is removed by a wet etch or dry etch, the patterning material is removed. 

[0038] In subsequent processes (not shown), charge storage transistors are formed in area 
403 and high voltage transistors are formed in areas 405 and 407. In other embodiments, 
other types of transistors may be formed in areas 407 and 405, such as transistors for circuit 
logic and input/output circuitry of the integrated circuit. Portions of nanoclusters 1 07 are 
utilized to form the charge storage locations of the charge storing transistors of a memory. In 
subsequent processes of some embodiments, a layer of gate material is deposited over wafer 
101. The layer of gate material, nanoclusters 107 and control dielectric 209 are then patterned 
in area 405 to form the gates, charge storage locations, and control dielectric of the charge 
storage transistors. 

[0039] Figures 7-11 show partial side views of a semiconductor wafer during stages in the 
manufacture of a memory including nanoclusters according to a second embodiment of the 
present invention. Referring to Figure 7, a bottom dielectric 705 is formed over a substrate 
703 of wafer 701. Nanoclusters 707 are then formed over wafer 701. 

[0040] Referring to Figure 8, an oxidation barrier layer 809 is deposited over wafer 701 
on nanoclusters 707. The oxidation barrier layer 809 is of a different material than of 
nanoclusters 707. In one embodiment layer 809 includes silicon nitride, but in other 
embodiments, layer 809 may include other materials e.g. such as those described above with 
respect to layer 311. 

[0041] Referring to Figure 9, layer 809, nanoclusters 707, and bottom dielectric 705 are 
patterned to leave those structures in the memory array areas (e.g. 903) and to remove those 
structures from other areas (e.g. high voltage area 905). 



[0042] Referring to Figure 10, a dielectric layer 1015 is grown in areas 905 and 907 by 
the oxidation of the exposed semiconductor substrate 703. During the oxidation of the 
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exposed semiconductor substrate 703, barrier layer 809 inhibits oxidizing agents from 
penetrating into nanoclusters 707 and bottom dielectric 705. As will be described later, 
dielectric layer 1015 will be utilized to form a portion of the gate dielectric for transistors 
formed in areas 905 and 907. 

[0043] Referring to Figure 11, after the growth of layer 1015, barrier layer 809 is removed 
and dielectric layer 1 1 17 is deposited over wafer 701 including over layer 1015 and 
nanoclusters 707. In one embodiment, layer 809 is removed by a wet nitride strip, but may be 
removed by other techniques in other embodiments. In one embodiment, dielectric layer 
1117 is made of silicon dioxide deposited by chemical vapor deposition. Dielectric layer 
1 1 17 is utilized as the control dielectric for transistors formed in memory array area 903. 
Dielectric layer 1117 also serves as a portion of the gate dielectric (along with dielectric layer 
1015) for transistors formed in areas 905 and 907. 

[0044] In subsequent processes (not shown), charge storage transistors are formed in area 
903 and high voltage transistors (and/or other types of transistors) are formed in areas 905 
and 905. Portions of the nanoclusters 707 are utilized to form the charge storage locations of 
the charge storage transistors of a memory. In subsequent processes of some embodiments, a 
layer of gate material is deposited over wafer 101. The layer of gate material, nanoclusters 
107 and control dielectric 209 are then patterned in area 903 to form the gates and charge 
storage locations of the charge storage transistors formed in that area. The layer of gate 
material may be patterned to form the gates of the transistors formed in areas 905 and 907. 

[0045] Figures 12-18 show partial side views of a semiconductor wafer during stages in 
the manufacture of a memory including nanoclusters according to a third embodiment of the 
present invention. Referring to Figure 12, a bottom dielectric 1205 is formed over a substrate 
1203 of wafer 1201. Nanoclusters 1207 are then formed over wafer 101. 

[0046] Referring to Figure 13, a layer of dielectric material (e.g. silicon dioxide) is 
formed over wafer 1201 by e.g. chemical vapor deposition to form control dielectric 1309. In 
one embodiment, control dielectric 1309 has a thickness of 5-10 nanometers, but may have 
other thickness in other embodiments. An oxidation barrier layer 1311 is then deposited over 
wafer 1201 on dielectric 1309. In one embodiment, layer 1311 includes silicon nitride, but in 
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other embodiments, layer 1311 may include other materials e.g. as those described above with 
respect to layer 311. 

[0047] Referring to Figure 14, the top portion of barrier layer 1311 is oxidized to form 
oxidized portion 1415 leaving a remaining portion 1413 of layer 1311. In one embodiment, 
layer 1311 is oxidized using a steam oxidation process. In one embodiment where barrier 
layer 1311 is 8.5 nanometers thick and is made of silicon nitride, the steam oxidation process 
results in portion 1415 being approximately 3-5 nanometers thick and generally made of 
silicon dioxide. The top portion of portion 1413 includes an oxynitride. The bottom portion 
of portion 1413 is predominately silicon nitride. 

[0048] The steam oxidation process reduces the thickness of the barrier layer (e.g. from 
8.5 nanometers to less than 4 nanometers) as well as reduces the charge storing capacity of 
portion 1413. Accordingly, for charge storage transistors formed on wafer 1201, the 
predominate charge storing structures will be nanoclusters 1207, and not the silicon nitride 
(or other material) of portion 1413. Any charge stored in portion 1413 will only have a small 
effect on the threshold voltage of a transistor as portion 1413 is in close proximity to the gate 
of the transistor. 

[0049] Figure 15 shows wafer 1201 after portion 1415 has been removed. In one 
embodiment, portion 1415 is removed by a wet etch (e.g. one part HF to 50 parts water) or by 
dry etch. 

[0050] Referring to Figure 16, portion 1413, control dielectric 1309, nanoclusters 1207, 
and bottom dielectric 1205 are patterned to leave those structures in the memory array areas 
(e.g. 1603) and to remove those structures from other areas (e.g. high voltage area 1605). In 
one embodiment, portion 1413 is removed by a dry etch, and control dielectric 1309, 
nanoclusters 1207, and bottom dielectric 1205 are removed by a wet etch. Multiple 
transistors are formed in memory area 1603 during later processes. 

[0051] Referring to Figure 17, a high voltage dielectric 1715 is grown in high voltage 
areas 1607 and 1605. Dielectric 1715 will be utilized as a gate dielectric for high voltage 
transistors (not shown), which in some embodiments, are utilized to implement programming 
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and erase circuitry for programming and erasing the charge storing transistors to be formed in 
memory area 1603. In one embodiment, dielectric 1715 is 10 nanometers thick. 

[0052] During the formation of dielectric 1715, barrier portion 1413 inhibits oxidizing 
agents from penetrating into control dielectric 1309, nanoclusters 1207, and bottom dielectric 
1205. 

[0053] Referring to Figure 18, a layer 1802 of gate material is deposited over wafer 1201 
including over portion 1413 in the memory array area 1603. In subsequent processes, layer 
1802, portion 1413, control dielectric 1309, nanoclusters 1207, and bottom dielectric 1205 are 
pattered to form the gates, control dielectric, charge storage locations, and bottom dielectric 
of the charge storage transistors in area 1603. Also, layer 1802 and dielectric 1715 are 
patterned to form the gates and gate dielectric of the transistors (e.g. high voltage transistors) 
in areas 1605 and 1607. 

[0054] In one embodiment, bottom dielectric 1205 is 5 nanometers thick, control 
dielectric 1309 is 5 nanometers thick, and portion 1413 is 4 nanometers thick. However, these 
structures may be of other thicknesses in other embodiments. 

[0055] In some embodiments, the threshold voltage shift due to charge trapping in portion 
1413 of a charge storage transistor may be limited by the partial oxidation of portion 1413, 
the reduction in thickness of portion 1413, and the proximately of portion 1413 to the gate 
electrode (the portion of layer 1802 used to form the gate of a charge storage transistor). 

[0056] One advantage that may occur with some embodiments utilizing the method set 
forth in Figures 12-18 is that a nitride strip is not necessary for removing the barrier layer 
portion 1413 (where layer 1311 is made of silicon nitride). This may provide for better 
process control of both the control dielectric (1309) thickness and gate dielectric (1715) 
thickness. 

[0057] Figure 19 is a side view of a wafer including both a high voltage transistor and a 
charge storage transistor made from a method similar to that set forth in Figures 12-18. 
Charge storage transistor 1909 is formed in a memory array area 1951 of wafer 1901. 
Transistor 1909 includes a gate 191 1, partial diffusion barrier portion 1923, control dielectric 
1921, nanoclusters 1919, bottom dielectric 1917, and spacers 1925. Source/drain regions 
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1915 and 1913 are formed in substrate 1903 by e.g. ion implantation. Portion 1923 is formed 
from diffusion barrier layer portion (e.g. 1413). In one embodiment, transistor 1909 is 
utilized in a non volatile, electrically erasable read only memory (EEPROM). 

[0058] Transistor 1907 is a high voltage transistor formed in area 1952. Transistor 1907 
includes gate 1933, gate dielectric 1931, spacers 1935 and source and drain regions 1937 and 
1939. Gate dielectric 1931 is formed from the gate dielectric layer (e.g. 1602) grown on the 
exposed portion of the substrate after the formation of the portion from which portion 1923 is 
formed. An isolation region 1905 is located in substrate 1903 for isolating transistors 1907 
and 1909. 

[0059] In one embodiment, transistor 1907 is a transistor in a program or erase circuit for 
programming and/or erasing the charge stored in nanoclusters 1919. Transistor 1907 is 
characterized as a high voltage transistor in that it operates at a voltage above the transistors 
of the input output devices and logic circuits of the integrated circuit. In one embodiment, 
transistor 1907 operates at 6 volts for providing programming and erase voltages to store 
charge in charge storage transistor 1909 wherein the transistors of the input/output devices 
and other logic (not shown) operate at 1.2 volts. Transistor 1907 may also be an input/output 
transistor operating at 2.5V or 3.3 V. 

[0060] Although the utilization of an oxygen diffusion barrier for inhibiting oxidizing 
agent from oxidizing nanoclusters is shown in making a memory, the same or similar 
processes as described above may be utilized in the manufacture of other devices that utilize 
nanoclusters such as e.g. opto electronic devices. 

[0061] In one embodiment, a method of making a device includes providing a substrate, 
forming nanoclusters over the substrate, depositing an oxidation barrier layer over the 
nanoclusters, and patterning to form a first area and a second area. The first area includes the 
oxidation barrier layer and the nanoclusters over the substrate. The second area has the 
oxidation barrier layer and the nanoclusters removed. The method also includes forming a 
second dielectric over the first area subsequent to the patterning. The method further includes 
removing at least a portion of the oxidation barrier layer from the first area subsequent to the 
forming the second dielectric. The removing the at least a portion at least reduces a thickness 
of the oxidation barrier layer. 
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[0062] In another embodiment, a method of making a device includes providing a 
substrate having a structure of nanoclusters and dielectric over the substrate, depositing an 
oxidation barrier layer over the structure, and patterning to form a first area and a second area. 
The first area includes the oxidation barrier layer and the structure over the substrate. The 
second area has the oxidation barrier layer and at least the nanoclusters of the structure 
removed. The method also includes forming a second dielectric over the first area subsequent 
to forming the patterning and removing at least a portion of the oxidation barrier layer from 
the first area subsequent to the forming the second dielectric. The removing the at least a 
portion at least reduces a thickness of the oxidation barrier layer. 

[0063] In another embodiment, a method of making a semiconductor device includes 
providing a substrate having a structure of nanoclusters and dielectric overlying the substrate 
and depositing an oxidation barrier layer over the structure. The oxidation barrier layer 
includes at least one selected from a group consisting of silicon nitride, silicon oxynitride, 
silicon, a silicon germanium alloy, a high-K dielectric material, and a metal. The method also 
includes patterning to form a first area and a second area. The first area including portions of 
the oxidation barrier layer and the structure, and the second area has portions of the oxidation 
barrier layer and at least the nanoclusters of the structure removed. The method also includes 
forming a second dielectric in the second area subsequent to the patterning and removing at 
least a portion of the oxidation barrier layer from the first area subsequent to the forming the 
second dielectric. The removing the at least a portion at least reduces a thickness of the 
oxidation barrier layer. 

[0064] In another embodiment, a method of making a semiconductor memory includes 
providing a substrate having a structure of nanoclusters and dielectric overlying the substrate, 
depositing an oxidation barrier layer over the structure, and patterning to form a first area and 
a second area. The first area includes portions of the oxidation barrier layer and the structure, 
and the second area has portions of the oxidation barrier layer and at least the nanoclusters of 
the structure removed. The method further includes forming a second dielectric outside the 
first area subsequent to the patterning and removing at least a portion of the oxidation barrier 
layer from the first area subsequent to the forming the second dielectric. The removing the at 
least a portion at least reduces a thickness of the oxidation barrier layer. The method still 
further includes forming a charge storage transistor in the first area. At least a portion of the 
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nanoclusters is utilized as a charge storage location for the charge storage transistor. The 
method also includes forming a second transistor in the second area. A portion of the second 
dielectric serves at least as a portion of a gate dielectric of the second transistor. 

[0065] While particular embodiments of the present invention have been shown and 
described, it will be recognized to those skilled in the art that, based upon the teachings 
herein, further changes and modifications may be made without departing from this invention 
and its broader aspects, and thus, the appended claims are to encompass within their scope all 
such changes and modifications as are within the true spirit and scope of this invention. 
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